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Nobel Prize in Physics 1989
for the invention of the separated oscillatory fields method 
and its use in the hydrogen maser and other atomic clocks



▪ Axion
(0) Misalignment mechanism

(1) Parametric resonance

(2) - Kinetic misalignment mechanism

- Axiogenesis 

- ALP cogenesis 

- Lepto-Axiogenesis

- Tachyonic instability
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Axion Rotations
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What is kination?
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9606223 Michael Joyce
9306008 Boris Spokoiny

One simple alternative - domination by the energy in 
a kinetic mode of a scalar field which scales as 1/R6." "

Equation of state
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Axions

<-fa->

axion

saxion
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P =
S + fap

2
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Rotation
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Initial condition

PRL 124, 111602 (2020) RC and K. Harigaya
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Why Rotation?
Large field value :

Angular motion :

Initial condition

Explicit PQ breaking

V (|P |) ⇠ �H
2
I |P |2 + |P |2d

M2d�4
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Flat potential
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Mn�4
+ h.c.
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I. Affleck and M. Dine 1991
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expected from quantum gravity
or PQ as an accidental symmetry

Dynamics analogous to that in Affleck-Dine baryogenesis

S. Giddings et al. 1988, S. Coleman 1988, G. Gilbert 1988, D. Harlow et al. 2019
R. Holman 1992, S. Barr 1992, M. Kamiokowski 1992, M. Dine 1992
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For example, as an initial condition or
set dynamically by the Hubble-induced mass

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004) T. Chiba, F. Takahashi, M. Yamaguchi



Asymmetry of PQ Charge
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PQ asymmetry
PQ charge density =   Rotation of PQ field

nPQ = iP Ṗ ⇤ � iP ⇤Ṗ
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PQ charge is conserved soon after the onset.

Noether charge associated with the shift symmetry

PRL 124, 111602 (2020) RC and K. Harigaya
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PQ Charge Evolution

nPQ = S2✓̇
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Conventional:

Our scenario (S >> fa):

{quadratic

✓̇ / R�3
<latexit sha1_base64="JEvq6C5k9QzHO/Rvlp9UJm9t8yo=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgENw4zFqnLohuXVewDOmPJpJk2NPMguSOUobjxV9y4UMStX+HOvzGdVvB5IHA4594k5/iJ4Aps+90ozM0vLC4Vl0srq2vrG+bmVlPFqaSsQWMRy7ZPFBM8Yg3gIFg7kYyEvmAtf3g28Vs3TCoeR1cwSpgXkn7EA04JaKlr7ri9GFwYMCDYTWScQIwvr7PDyrhrlh3LzoH/J2U0Q71rvum7aBqyCKggSnUcOwEvIxI4FWxcclPFEkKHpM86mkYkZMrL8ghjvK+VHg5iqU8EOFe/bmQkVGoU+noyJDBQP72J+JfXSSE48TIeJSmwiE4fClKBdc5JH7jHJaMgRpoQKrn+K6YDIgkF3VpJl2Bb1eM88m/yWULzyHIqlnNhl2unszqKaBftoQPkoCqqoXNURw1E0S26R4/oybgzHoxn42U6WjBmO9voG4zXD9oFlyU=</latexit>

nPQR
3 = conserved charge

<latexit sha1_base64="vRGt3IVPxp3SqnJXC5aroBkJOX0=">AAACG3icdZBNSwMxEIazflu/qh69BIvgqewqUi+C6MVjFatCt5ZsOq3BJLsks2JZ9n948a948aCIJ8GD/8Z0reDnC4GXd2aYzBMlUlj0/TdvZHRsfGJyaro0Mzs3v1BeXDqxcWo4NHgsY3MWMQtSaGigQAlniQGmIgmn0eX+oH56BcaKWB9jP4GWYj0tuoIzdFG7vKHbWWgUrR/m9Oh8k+7Q0ComZRYiXKNRGY+1BXMFHcovmOlBnrfLlaDqF6L/mwoZqt4uv4SdmKcKNHLJrG0GfoKtjBkUXEJeClMLCeOXrAdNZzVTYFtZcVtO11zSod3YuKeRFunXiYwpa/sqcp2K4YX9WRuEf9WaKXa3W5nQSYqg+ceibiopxnQAinaEAY6y7wzjRri/FgQYR4ez5CD41dpWcfJv8wnhZKMabFaDQ7+yuzfEMUVWyCpZJwGpkV1yQOqkQTi5IXfkgTx6t9699+Q9f7SOeMOZZfJN3us7Vjuhuw==</latexit>

✓̇ = constant
<latexit sha1_base64="PTyTbLUMtKOv1nJYyyiJngeaqFE=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4CokidSMU3bisYB/QhDKZTtqhk0mYuRFKKLjxV9y4UMStP+HOv3GaVvB54MLhnHtn7j1hKrgG13235uYXFpeWSyvl1bX1jU17a7upk0xR1qCJSFQ7JJoJLlkDOAjWThUjcShYKxxeTPzWDVOaJ/IaRikLYtKXPOKUgJG69q7fS8CHAQOCz7Cv4pwmUgORMO7aFc9xC+D/SQXNUO/ab+YxmsVMAhVE647nphDkRAGngo3LfqZZSuiQ9FnHUElipoO8uGGMD4zSw1GiTEnAhfp1Iiex1qM4NJ0xgYH+6U3Ev7xOBtFpkHOZZsAknX4UZQJDgieB4B5XjIIYGUKo4mZXTAdEEQomtrIJwXWqJ8XJv8lnCM0jxzt2vCu3UjufxVFCe2gfHSIPVVENXaI6aiCKbtE9ekRP1p31YD1bL9PWOWs2s4O+wXr9AEQ6mAE=</latexit>

Reason:

S2 / R�2
<latexit sha1_base64="2QCGCbCzG48v76V5696LHtnV9bo=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBHcGJKK1GXRjcv66APatEymk3boZDLMTMQS8ituXCji1h9x5984TSv4PHDhcM693HtPIBhV2nXfrYXFpeWV1cJacX1jc2vb3ik1VZxITBo4ZrFsB0gRRjlpaKoZaQtJUBQw0grG51O/dUukojG/0RNB/AgNOQ0pRtpIfbt03avArpCx0DG86qVHlaxvlz3HzQH/J2UwR71vv3UHMU4iwjVmSKmO5wrtp0hqihnJit1EEYHwGA1Jx1COIqL8NL89gwdGGcAwlqa4hrn6dSJFkVKTKDCdEdIj9dObin95nUSHp35KuUg04Xi2KEwYNH9Og4ADKgnWbGIIwpKaWyEeIYmwNnEVTQiuUz3JX/5NPkNoVhzv2PEu3XLtbB5HAeyBfXAIPFAFNXAB6qABMLgD9+ARPFmZ9WA9Wy+z1gVrPrMLvsF6/QC7GJOs</latexit>

quartic ✓̇ / R�1
<latexit sha1_base64="AhbmdBRocUjTOEtTcclp4VDU1dQ=">AAACAnicdVDLSgMxFM34rPU16krcBIvgxjKjSF0W3bisYh/QGUsmzbShmZmQ3BHKUNz4K25cKOLWr3Dn35hOK/g8EDicc2+ScwIpuAbHebdmZufmFxYLS8XlldW1dXtjs6GTVFFWp4lIVCsgmgkeszpwEKwlFSNRIFgzGJyN/eYNU5on8RUMJfMj0ot5yCkBI3Xsba+bgAd9BgR7UiUSEnx5nR24o45dcstODvw/KaEpah37zdxF04jFQAXRuu06EvyMKOBUsFHRSzWThA5Ij7UNjUnEtJ/lEUZ4zyhdHCbKnBhwrn7dyEik9TAKzGREoK9/emPxL6+dQnjiZzyWKbCYTh4KU4FNznEfuMsVoyCGhhCquPkrpn2iCAXTWtGU4JQrx3nk3+SzhMZh2T0quxdOqXo6raOAdtAu2kcuqqAqOkc1VEcU3aJ79IierDvrwXq2XiajM9Z0Zwt9g/X6Adb7lyM=</latexit>

PRL 124, 111602 (2020) RC and K. Harigaya

kination!

___> necessary to achieve
kination domination

⇢PQ = ✓̇2f2
a / R�6

<latexit sha1_base64="QLqIK1Rvn6fyDQbn0YnK3ZP/NP0="></latexit>

⇢PQ / R�4
<latexit sha1_base64="YDQqB5zZe+xjO/YDHW4pKNGrerk=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJhSppCqVbBQtji+hDakrluG5r1Ykj20Gqoiws/AoLAwix8g9s/A1OWyReR7J0dM69uj7HCxmVyrI+jMzC4tLySnY1t7a+sbllbu80JY8EJg3MGRdtD0nCaEAaiipG2qEgyPcYaXnji9Rv3RIhKQ+u1SQkXR8NAzqgGCkt9cx9V4x4L3aFD2v1BLqh4KHi8OomPi4lPTNvFSopTuGMOBVNrJJtOQ60C9YUeTBHrWe+u32OI58ECjMkZce2QtWNkVAUM5Lk3EiSEOExGpKOpgHyiezG0xQJPNRKHw640C9QcKp+34iRL+XE9/Skj9RI/vZS8T+vE6nBWTemQRgpEuDZoUHEoM6ZVgL7VBCs2EQThAXVf4V4hATCSheXm5ZQPkmTwr/kq4RmsWA7hWLdylfP53VkwR44AEfABmVQBZegBhoAgzvwAJ7As3FvPBovxutsNGPMd3bBDxhvn1n8mJM=</latexit>

⇢PQ / R�3
<latexit sha1_base64="1jeZd/ci6eB58X1b+9WnXcUqds0=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGxUCUNULpVsDC2iD6kJkSO67ZWnTiyHaQq6sLCr7AwgBAr/8DG3+C0ReJ1JEtH59yr63OCmFGpLOvDmJtfWFxazq3kV9fWNzbNre2m5InApIE546IdIEkYjUhDUcVIOxYEhQEjrWB4kfmtWyIk5dG1GsXEC1E/oj2KkdKSb+65YsD91BUhrNXH0I0FjxWHVzfpkTP2zYJVrGQ4hVPiVDSxjm3LcaBdtCYogBlqvvnudjlOQhIpzJCUHduKlZcioShmZJx3E0lihIeoTzqaRigk0ksnKcbwQCtd2ONCv0jBifp9I0WhlKMw0JMhUgP528vE/7xOonpnXkqjOFEkwtNDvYRBnTOrBHapIFixkSYIC6r/CvEACYSVLi4/KaF8kiWFf8lXCc1S0XaKpbpVqJ7P6siBXbAPDoENyqAKLkENNAAGd+ABPIFn4954NF6M1+nonDHb2QE/YLx9Alh3mJI=</latexit>



Evolution of Energy Densities

R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya

Tth TRM TMK TKR
T

ρ(T )
radiation domination matter domination by rotation kination radiation

domination

ρS ∝ T 3
oscillation

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation

thermal bath

ρth ∝ T 4



Tth TRM TMK TKR
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ρ(T )
radiation domination matter domination by rotation kination radiation

domination

ρS ∝ T 3
oscillation

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation

thermal bath
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Evolution of Energy Densities

R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya

_____________________< >No entropy production!
This can occur between BBN and CMB



Relevant Temperatures

R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya

T 3
MK = T 2

KRTRM
<latexit sha1_base64="f2CCjCYk6tqTzGaVGnUG7shwDKE=">AAACEHicdVDLSgMxFM3UV62vUZdugkV0VaatUjdC0Y1QCrX0Be10yKRpG5p5kGSEMswnuPFX3LhQxK1Ld/6N6XQKPg8Ezj3nXm7usX1GhTSMDy21tLyyupZez2xsbm3v6Lt7LeEFHJMm9pjHOzYShFGXNCWVjHR8TpBjM9K2J1czv31LuKCe25BTn5gOGrl0SDGSSrL044YV9rgDq5WoX4QXMCkr9ahfWBT1agQtPZvPGTHg/yQLEtQs/b038HDgEFdihoTo5g1fmiHikmJGokwvEMRHeIJGpKuoixwizDA+KIJHShnAocfVcyWM1a8TIXKEmDq26nSQHIuf3kz8y+sGcnhuhtT1A0lcPF80DBiUHpylAweUEyzZVBGEOVV/hXiMOMJSZZhRIRi50ll88m+yCKFVyOWLucLNabZ8mcSRBgfgEJyAPCiBMrgGNdAEGNyBB/AEnrV77VF70V7nrSktmdkH36C9fQKOvJsd</latexit>

TRM =
4

3
mSYPQ

TMK =

✓
45

2⇡2g⇤

mSf2
a

YPQ

◆ 1
3

TKR =
3
p
15

2
p
g⇤⇡

fa
YPQ

<latexit sha1_base64="Alyzo/JBW+KzMxKBtEQcVYezHro="></latexit>

Tth TRM TMK TKR
T

ρ(T )
radiation domination matter domination by rotation kination radiation

domination

ρS ∝ T 3
oscillation

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation
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R. Co Minnesota

Gravitational Waves from Inflation

⌦GWh2 ' 1.4⇥ 10�17

 
V 1/4
inf

1016 GeV

!4✓
g⇤,SM
g⇤(Thc)

◆ 1
3

8
>>>><

>>>>:

1 RD : fRM < f⇣
fRM

f

⌘2
MD : fMK < f < fRM

f
fKR

KD : fKR < f < fMK

1 RD : f < fKR
<latexit sha1_base64="JZ8e3pCHi2eXLxj91KBawEnbsjE="></latexit>

PT (k) =
2H2

I

⇡2M2
Pl

<latexit sha1_base64="fcSvi3PSwRBUj2/04eQgRO3282w="></latexit>

k = H(Thc)
<latexit sha1_base64="Ht4SZgdsIoZNt59aic3TW1RoWBg=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYFHqJiRVqRuh6KbLCn1BG8JkOmmHziRhZiKEUH/FjQtF3Poh7vwbp2kFnwcuHM65l3vv8WNGpbLtd2NpeWV1bb2wUdzc2t7ZNff2OzJKBCZtHLFI9HwkCaMhaSuqGOnFgiDuM9L1J9czv3tLhKRR2FJpTFyORiENKEZKS55ZmsBjeAkblZaXDQSHYzw98cyyY9k54P+kDBZoeubbYBjhhJNQYYak7Dt2rNwMCUUxI9PiIJEkRniCRqSvaYg4kW6WHz+FR1oZwiASukIFc/XrRIa4lCn3dSdHaix/ejPxL6+fqODCzWgYJ4qEeL4oSBhUEZwlAYdUEKxYqgnCgupbIR4jgbDSeRV1CLZVO89f/k0+Q+hULefUqt6cletXizgK4AAcggpwQA3UQQM0QRtgkIJ78AiejDvjwXg2XuatS8ZipgS+wXj9AP2Okyk=</latexit>

⌦GWh2 = ⌦r,0h
2 1

⇢R(Thc)

k2

64⇡G
PT (k)

<latexit sha1_base64="8KbNN0CNnqnGq3N3XVifhC9Gjro="></latexit>

The horizon crossing, k = H, determines the onset of mode evolutions.
The origin is the quantum fluctuations during inflation.



R. Co Minnesota

Gravitational Waves from Inflation
kination before BBN
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R. Co Minnesota

Gravitational Waves from Cosmic Strings

1005.4842 C. Ringeval

µ = string tension
<latexit sha1_base64="6cJ6qKuEdbO7/hdStOXTl8zlpK0=">AAACBnicdVDLSgMxFM34rPU16lKEYBFclWlF6kYounFZwT6gHUomTdvQJDMkd8QydOXGX3HjQhG3foM7/8bMtILPA4HDOfdwc08QCW7A896dufmFxaXl3Ep+dW19Y9Pd2m6YMNaU1WkoQt0KiGGCK1YHDoK1Is2IDARrBqPz1G9eM214qK5gHDFfkoHifU4JWKnr7nVkjE9xB9gNaJkY0FwNMDCVJiZdt1Aqehnw/6SAZqh13bdOL6SxZAqoIMa0S14EfkI0cCrYJN+JDYsIHZEBa1uqiGTGT7IzJvjAKj3cD7V9CnCmfk0kRBozloGdlASG5qeXin957Rj6J37CVRTbw+h0UT8WGEKcdoJ7XDMKYmwJoZrbv2I6JJpQsM3lbQlesXKcnfybfJbQKBdLR8XypVeons3qyKFdtI8OUQlVUBVdoBqqI4pu0T16RE/OnfPgPDsv09E5Z5bZQd/gvH4ArnuZWw==</latexit>

1. Flat spectrum for radiation domination
2. An enhanced Hubble increases loop energy density.

Loop formation era

Lo
op

 d
ec

ay
 e

ra

Radiation Matter Kination

Radiation

Matter

Kination

f0
<latexit sha1_base64="DOMxHJWl/7x0YAPJRx/FrSnatpk=">AAACAXicbVDLTsJAFJ3iC/GFunQzkZi4aloUgR3RjUtM5JFAJdNhChPm0cxMNaRh5Qe41U9wZ9z6JX6Bv2ELmIh4kpucnHNv7r3HDxnVxnE+rczK6tr6RnYzt7W9s7uX3z9oahkpTBpYMqnaPtKEUUEahhpG2qEiiPuMtPzRVeq37onSVIpbMw6Jx9FA0IBiZBKpEdzFzqSXLzh2tXJxXqrCZeLazhQFMEe9l//q9iWOOBEGM6R1x3VC48VIGYoZmeS6kSYhwiM0IJ2ECsSJ9uLpsRN4kih9GEiVlDBwqv6eiBHXesz9pJMjM9R/vVT8z+tEJqh4MRVhZIjAs0VBxKCRMP0c9qki2LBxQhBWNLkV4iFSCJskn4UtPGKGKvkwS6ZcSt+Hy+QnmWbRds/s4o1TqF3OM8qCI3AMToELyqAGrkEdNAAGFDyBZ/BiPVqv1pv1PmvNWPOZQ7AA6+MbuDyYog==</latexit>

f�1
<latexit sha1_base64="4QHcYqNGqG4Z85N8ndSVaQDszqI=">AAACAnicbVDLTgIxFO3gC/GFunTTSEzcSGZQBHZENy4xkUcCI+mUDlTa6aTtaMiEnR/gVj/BnXHrj/gF/oYdwETEk9zk5Jx7c+89Xsio0rb9aaWWlldW19LrmY3Nre2d7O5eQ4lIYlLHggnZ8pAijAakrqlmpBVKgrjHSNMbXiZ+855IRUVwo0chcTnqB9SnGGkjNfzb+MQZd7M5O18pn58VK3CROHl7ghyYodbNfnV6AkecBBozpFTbsUPtxkhqihkZZzqRIiHCQ9QnbUMDxIly48m1Y3hklB70hTQVaDhRf0/EiCs14p7p5EgP1F8vEf/z2pH2y25MgzDSJMDTRX7EoBYweR32qCRYs5EhCEtqboV4gCTC2gQ0t4VHTFMpHqbJlIrJ+3CR/CTTKOSd03zh2s5VL2YZpcEBOATHwAElUAVXoAbqAIM78ASewYv1aL1ab9b7tDVlzWb2wRysj28oZJja</latexit>

f1
<latexit sha1_base64="EJBPuUbPV4QUE8EIzO1M7lFaP64=">AAACAXicbVDLTgIxFO3gC/GFunTTSExcTWZQBHZENy4xkUcCI+mUDjS0nUnb0ZAJKz/ArX6CO+PWL/EL/A07gImIJ7nJyTn35t57/IhRpR3n08qsrK6tb2Q3c1vbO7t7+f2DpgpjiUkDhyyUbR8pwqggDU01I+1IEsR9Rlr+6Cr1W/dEKhqKWz2OiMfRQNCAYqSN1AjuEnfSyxccu1q5OC9V4TJxbWeKApij3st/dfshjjkRGjOkVMd1Iu0lSGqKGZnkurEiEcIjNCAdQwXiRHnJ9NgJPDFKHwahNCU0nKq/JxLElRpz33RypIfqr5eK/3mdWAcVL6EiijUReLYoiBnUIUw/h30qCdZsbAjCkppbIR4iibA2+Sxs4THTVIYPs2TKpfR9uEx+kmkWbffMLt44hdrlPKMsOALH4BS4oAxq4BrUQQNgQMETeAYv1qP1ar1Z77PWjDWfOQQLsD6+AbnWmKM=</latexit>

f1
<latexit sha1_base64="EJBPuUbPV4QUE8EIzO1M7lFaP64=">AAACAXicbVDLTgIxFO3gC/GFunTTSExcTWZQBHZENy4xkUcCI+mUDjS0nUnb0ZAJKz/ArX6CO+PWL/EL/A07gImIJ7nJyTn35t57/IhRpR3n08qsrK6tb2Q3c1vbO7t7+f2DpgpjiUkDhyyUbR8pwqggDU01I+1IEsR9Rlr+6Cr1W/dEKhqKWz2OiMfRQNCAYqSN1AjuEnfSyxccu1q5OC9V4TJxbWeKApij3st/dfshjjkRGjOkVMd1Iu0lSGqKGZnkurEiEcIjNCAdQwXiRHnJ9NgJPDFKHwahNCU0nKq/JxLElRpz33RypIfqr5eK/3mdWAcVL6EiijUReLYoiBnUIUw/h30qCdZsbAjCkppbIR4iibA2+Sxs4THTVIYPs2TKpfR9uEx+kmkWbffMLt44hdrlPKMsOALH4BS4oAxq4BrUQQNgQMETeAYv1qP1ar1Z77PWjDWfOQQLsD6+AbnWmKM=</latexit>

f1
<latexit sha1_base64="EJBPuUbPV4QUE8EIzO1M7lFaP64=">AAACAXicbVDLTgIxFO3gC/GFunTTSExcTWZQBHZENy4xkUcCI+mUDjS0nUnb0ZAJKz/ArX6CO+PWL/EL/A07gImIJ7nJyTn35t57/IhRpR3n08qsrK6tb2Q3c1vbO7t7+f2DpgpjiUkDhyyUbR8pwqggDU01I+1IEsR9Rlr+6Cr1W/dEKhqKWz2OiMfRQNCAYqSN1AjuEnfSyxccu1q5OC9V4TJxbWeKApij3st/dfshjjkRGjOkVMd1Iu0lSGqKGZnkurEiEcIjNCAdQwXiRHnJ9NgJPDFKHwahNCU0nKq/JxLElRpz33RypIfqr5eK/3mdWAcVL6EiijUReLYoiBnUIUw/h30qCdZsbAjCkppbIR4iibA2+Sxs4THTVIYPs2TKpfR9uEx+kmkWbffMLt44hdrlPKMsOALH4BS4oAxq4BrUQQNgQMETeAYv1qP1ar1Z77PWjDWfOQQLsD6+AbnWmKM=</latexit>

f�1/2
<latexit sha1_base64="gfSPuek6xv4dGs2gTYryo5Jeekc=">AAACBHicbVDLTgIxFO3gC/GFunTTSEzciDMoAjuiG5eYyCOBkXRKBxrazqTtaMiErR/gVj/BnXHrf/gF/oYdwETEk9zk5Jx7c+89Xsio0rb9aaWWlldW19LrmY3Nre2d7O5eQwWRxKSOAxbIlocUYVSQuqaakVYoCeIeI01veJX4zXsiFQ3ErR6FxOWoL6hPMdJGavl38YlzWhh3szk7XylfnBcrcJE4eXuCHJih1s1+dXoBjjgRGjOkVNuxQ+3GSGqKGRlnOpEiIcJD1CdtQwXiRLnx5N4xPDJKD/qBNCU0nKi/J2LElRpxz3RypAfqr5eI/3ntSPtlN6YijDQReLrIjxjUAUyehz0qCdZsZAjCkppbIR4gibA2Ec1t4RHTVAYP02RKxeR9uEh+kmkU8s5ZvnBj56qXs4zS4AAcgmPggBKogmtQA3WAAQNP4Bm8WI/Wq/VmvU9bU9ZsZh/Mwfr4BhE+mU8=</latexit>

f�1/2
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Gravitational Waves from Cosmic Strings
kination before BBN
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Gravitational Waves from Cosmic Strings
kination after BBN
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Magnetogenesis
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Axion Kination

BaryogenesisDark Matter
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Axiogenesis
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Baryon asymmetry fixes rotational speed, equivalently YPQ.

PRL 124, 111602 (2020) RC and K. Harigaya
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PQ asymmetry
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baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
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For T < TEW , the baryon 
asymmetry is frozen.
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Kinetic Misalignment Mechanism
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Abundance:

delaying* usual Tosc until KE = PE, enhancing the dark matter abundanceConsequence:

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya
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* Parametric resonance in fact occurs before oscillations start. The abundance 
is modified by an O(1) factor but axion dark matter can be warm.

arXiv:2104.02077 RC, K. Harigaya, A. Pierce 

an alternative scenario where the axion field has a nonzero initial velocity" "



Predictions from 
Kinetic Misalignment and Axiogenesis
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ALPgenesis
Kinetic misalignment
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The QCD Axion
probed by gravitational waves from inflation

R. Co Minnesota
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Probing PQ-breaking Potential
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Two-field model

W = X(PP̄ � v2P )
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Probing PQ-breaking Potential

Models
piecewise ρθ
two-�eld model
log potential
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from inflation from cosmic strings



Conclusions
ü New axion dynamics allows the QCD axion to simultaneously explain 

ü the Strong CP problem
ü the dark matter abundance
ü the baryon asymmetry

ü This paradigm predicts axion kination, featuring 
a triangular peak in gravitational wave spectra.

ü Other possible signatures: 
ü (QCD) axion searches
ü Warm axion dark matter
ü Matter power spectrum

ü New model building opportunities 
R. Co Minnesota



Thank you!
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